A series of Co-Cr nanoferrites having the chemical formula CoCr x Fe 2 − x O 4 (x = 0.0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1.0) were synthesized by citrate-gel autocombustion method at a very low temperature (180°C). The X-ray diffraction analysis of as-synthesized powders and sintered powders has confirmed the formation of single-phase cubic spinel structure. The average particle size of the synthesized ferrites was 6 to 12 nm. Magnetic susceptibility measurements using Faraday magnetic susceptibility balance showed the paramagnetic nature of the ferrites. Magnetic properties of Co-Cr nanoferrites were measured using a vibrating sample magnetometer at room temperature in the applied field of 15 kOe. The saturation magnetization decreased from 33.84 to 13.83 emu/g with increase in Cr 3+ concentrations, indicating the fact that the lesser magnetic Cr 3+ ions substitute Fe 3+ ions in the octahedral sublattice of the ferrite. With improvement in the magnetic properties, the synthesized nanoferrites become soft magnetic materials. Such materials are useful in transformer and motor cores to minimize the energy dissipation with the alternating fields associated with AC electrical applications. The coercivity of pure CoFe 2 O 4 was larger than that of the Cr-doped cobalt ferrites.
Background
Nanoparticles are very important and have a distinct property, that is, they exhibit larger surface-area-to-volume ratio. This increase in surface-area-to-volume ratio leads to the change of the properties of nanoparticles better than that of the bulk particles [1] . Transition metal oxide nanoparticles represent a broad class of materials that have been investigated extensively due to their interesting catalytic, electronic, and magnetic properties relative to those of the bulk counterparts, and the wide scope of their potential applications [2] . Among these materials, ferrites have attracted immense attention of the scientific community because of their novel properties and technological applications especially when the size of the particles approaches to nanometer scale [3] . As magnetic materials, nano-sized ferrites cannot be replaced by any other magnetic material because they are relatively inexpensive, stable, and have a wide range of technological applications [4] . The spinel ferrites have remarkable magnetic and electrical properties. Among them, CoFe 2 O 4 is interesting because of its perfect chemical properties, thermal stability, high electrical resistivity, and excellent magnetic properties [5] . Nanocrystalline CoFe 2 O 4 with such properties have potential applications in high frequency devices, memory cores, recording media, and in biomedical field [6] .
The properties of ferrite materials are sensitive to the grain size and also strongly influenced by the distribution of metallic ions among crystallographic crystal lattice sites. These in turn are sensitive to the method used to prepare those materials [7] . Various methods used to prepare nano-sized ferrites are co-precipitation [8] , micro-emulsion procedures [9] , microwave plasma [10] , mechanical milling [11] , and sol-gel autocombustion method [12] . The sol-gel auto combustion method in particular is one of the most useful and attractive techniques for the synthesis of nano-sized ferrite materials. This is because of its advantages such as good stoichiometric control and the production of ultrafine particles with a narrow size distribution in a relatively short processing time at a very low temperature.
Substitution of other metals for Fe in CoFe 2 O 4 has been proposed as a method to tailor the magnetic and magneto-elastic properties for sensor applications [13] . Chromium ions (Cr 3+ ) with antiferromagnetic nature are known for achieving good control over magnetic parameters in developing technologically important materials. The substitution of Cr 3+ ions for Fe 3+ ions will alter magnetic properties marked by similar to that of nonmagnetic substitution.
The present work reports the synthesis of nano-sized chromium-substituted cobalt ferrites by citrate-gel autocombustion method and consequent changes on their magnetic properties. Co-Cr nanoferrites were synthesized with particle size ranging from 6 to 12 nm, which will have a great effect on its magnetic properties. Magnetic properties of these ferrites were reported here.
Results and discussions
X-ray diffraction studies X-ray diffraction (XRD) was performed on the assynthesized powders as well as on the powders calcined at 500°C, and the XRD patterns of all the samples were shown in Figure 1a ,b. Obtained XRD patterns and crystalline phases were identified by comparison with reference data from the ICSD card no. 22-1086 for cobalt ferrites (CoFe 2 O 4 ) and have been indexed. It confirms the formation of a homogeneous well-defined singlephase cubic spinel structure without any impurity peak belonging to the space group Fd3m (ICSD reference). The strongest reflection comes from the (311) plane that indicates the spinel phase.
From the XRD patterns of the as-synthesized powders, it is clear that the as-burnt powder is also in single phase with a spinel structure which indicates that the ferrite can be directly formed after the autocombustion of the gel without heat treatment. The broad peaks in the XRD patterns indicate a fine particle nature of the particles. Figure 1a ,b clearly shows that the positions of the reflection peaks for as-burnt powders are almost identical to the corresponding peaks for the calcined material. This implies that the basic structure of the nanoparticles is essentially same as that of the bulk material. The average particle sizes of the as-synthesized Co-Cr ferrites and calcined Co-Cr ferrites for different compositions were calculated from Scherrer formula [14] using the maximum intensity peak (311) and were shown in Table 1 .
From the table, it is clear that nano-sized Co-Cr ferrite powders can be directly synthesized by Citrate-gel auto combustion method. After calcination at 500°C for 4 h, the reflection peaks of the samples become sharper and narrower, indicating the improvement of crystallinity. Comparing Figure 1a ,b it was found that there were no differences between the same compositional samples, except for the relative intensity. Similar behavior was reported in by Toksha et al. [15] . 
Magnetic susceptibility using faradays balance
The magnetic susceptibility is a dimensionless proportionality constant that indicates the degree of magnetization of a material in response to an applied magnetic field. Magnetic susceptibility of heat-treated Co-Cr nanoferrites at room temperature is measured using very sensitive instrument known as a Faraday magnetic susceptibility millibalance. In the Faraday balance, the sample is placed in between the magnetic poles, and the force depends only on the total mass of the material present. The force is measured as a weight change, using a magnetic balance. Working of the Faraday balance is clearly described by Carlin [16] . To calibrate the field gradient (the force experienced by a standard sample), mercury tetra thiocyanato cobaltate was measured which is known to have a gram susceptibility of 16.44 × 10 −6 cgs units at 20°C [17] . The diamagnetic materials are weakly repelled by an external magnetic field, resulting in a negative reading. Paramagnetic materials are attracted to an external magnetic field and give a positive reading.
The gram magnetic susceptibility (χ g ) of synthesized samples may be calculated from the following equation.
where χ g is the gram susceptibility of compound, (χ g ) s is gram susceptibility of 16.44 × 10 −6 cgs units at 20°C, and W s is the weight of the standard sample in the absence of magnetic field, W c denotes the weight of the compound in the absence of magnetic field, Δw s the change in weight of the standard sample after the applied magnetic field, and Δw c the change in weight of the compound after the applied magnetic field.
The molar magnetic susceptibility (χ m ) values were then calculated from the gram magnetic susceptibility values using the following equation and were tabulated in Table 2 .
The effective magnetic moment of the samples can be calculated from the gram magnetic susceptibility using the following equation and were tabulated in Table 2 .
where μ eff stands for effective magnetic moment in Bohr magnetons (BM), χ m is the molar magnetic susceptibility, and T is the absolute temperature. It is reported that the χ m value ranges between 10 −5 and 10 −6 for the paramagnetic substances and between −10
and −10 −6 for the diamagnetic substances. From the Table 2 it is clear that the molar susceptibility values of Co-Cr ferrites of various compositions are of the order of 10
, indicating the paramagnetic nature of CoCr ferrite system. Further, the effective magnetic moment calculated for various samples shows that μ eff decreases with the increase in the concentration of dopant Cr 3+ . This indicates that CoFe 2 O 4 is super paramagnetic in nature. Its behavior has changed to paramagnetic by Cr substitution (due to antiferromagnetic nature of Cr). This behavior was confirmed by studying hysteresis loops from VSM measurements.
Magnetic properties using VSM
The magnetic measurements of various compositions of heat-treated Co-Cr nanoferrites were made using vibrating sample magnetometer at room temperature in 15 kOe. Figure 2 shows the magnetic hysteresis loops for all Co-Cr ferrite samples (calcined at 500°C) obtained from VSM measurements. Hysteresis loop gives the relation between the magnetization (M) and the applied field (H).
Magnetic parameters extracted from the hysteresis loops are saturation magnetization (M s ; maximum value of magnetization), remanent magnetization (M r ; magnetization at zero field), and coercivity (H c ; magnetic field required to reduce the magnetization of that material to zero after the magnetization of the sample has been driven to saturation). These magnetic parameters are used to characterize the magnetic properties of materials.
The magnetic parameters of all the samples of Co-Cr ferrites were calculated from the individual M-H loops and were tabulated in Table 3 . The M-H loops of CoFe 2 O 4 and CoCrFeO 4 were shown in Figure 3 .
From Table 3 , it is clear that M s at room temperature decreased from 33.8448 to 13.8347 emu/g with the increase in Cr 3+ ion concentration in the Co-Cr ferrites. This decrease in M s value may be due to the fact that the Fe 3+ (magnetic moment 5 μB) are replaced by lesser magnetic Cr 3+ ions (magnetic moment 3 μB) in the octahedral (B) sites of the ferrite sublattice. As the concentration of the Cr 3+ ion increases, it decreases the Fe 3+ (B)/Fe 2+ (A) ratio, that is, A-B super exchange interaction decreases [18] .
H c which is a measure of the magnetic field strength required for overcoming anisotropy to flip the magnetic moments is clearly affected by the chromium substitution. It can be seen from Table 3 that the value of H c decreased from 1,954.66 Oe to 298.57 kOe up to the ferrite sample with Cr composition x = 0.7 and then increased for x = 0.9 and 1.0. The decrease in coercivity with increase in Cr 3+ concentrations may be due to the decrease in anisotropy field which in turn decreases the domain wall energy [19] . The increase in coercivity for ferrites with composition x = 0.9 and 1.0 might be due to the increase in magnetic crystalline anisotropy. The coercivity of the nanoferrites has a contribution from their finite size namely surface anisotropy [20] . Normally, for a given composition of ferrite, when the crystal size is less, the coercivity will be more as the surface becomes much more dominant [21] . Higher Coercivity of CoFe 2 O 4 in the present case may also be related to the particle size effect.
From the values of H c and M s , anisotropy constant (K) can be calculated [22] and tabulated in Table 4 . It is seen that the value of K decreases with increase of Cr 3+ concentrations.
The magnetic moment per formula unit in Bohr magneton (μ B ) was calculated [23] and tabulated in Table 4 . Magnetic moment values were found to decrease with increase in Cr 3+ concentration which is attributed to greater occupancy of Cr 3+ at B sites. From all these results, it is clear that the increase of Cr concentration decreases the magnetization, and the material is being converted into a soft magnetic material. Hysteresis curves also show that CoFe 2 O 4 has large area inside the hysteresis loop, where as CoCrFeO 4 has a smaller area inside the hysteresis loop . This indicates the fact that the increase in Cr substitution has made the material magnetically soft.
The present study confirms that soft magnetic CoCr nanoferrite materials that were synthesized can be easily magnetized and demagnetized. Such materials are desirable for transformer and motor cores to minimize the energy dissipation with the alternating fields associated with AC electrical applications.
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Methods

Synthesis
The starting materials for the synthesis of CoCr x Fe 2 − x O 4 (x = 0.0, 0.1, 0.3, 0.5, 0.7, 0.9 and 1.0) using citrate-gel autocombustion method were cobalt nitrate, ferric nitrate, chromium nitrate, citric acid, ammonia (99% pure; S D Fine-Chem Limited, Mumbai, India). The synthesis of Co-Cr nanoferrites by citrate-gel autocombustion technique was clearly reported in our earlier publication [14] . The synthesized powders were ground in agate mortar and pestle and calcined in a muffle furnace at 500°C for 4 h to obtain spinel phase.
Characterization
The structural characterization of the as-synthesized and heat-treated powders was carried out by Philips X-ray diffractometer (model 3710; Koninklijke Philips N.V., The Netherlands) using Cu Kα radiation (λ = 1.5405 Å) at room temperature by continuous scanning in the range of 2 to 85 θ°to analyze the phase and crystallite size. The magnetic susceptibility of the different compositions of Co-Cr ferrites at room temperature was studied by Faraday magnetic susceptibility millibalance (model-7550).
The magnetic properties of synthesized Co-Cr nanoferrites were studied using vibrating sample magnetometer 
